The self-renewal, proliferation, and differentiation of the spermatogonial populations must be finely coordinated in the mammalian testis, as dysregulation of these processes can lead to subfertility, infertility, or the formation of tumors. There are wide gaps in our understanding of how these spermatogonial populations are formed and maintained, and our laboratory has focused on identifying the molecular and cellular pathways that direct their development. Others and we have shown, using a combination of pharmacologic inhibitors and genetic models, that activation of mTOR complex 1 (mTORC1) is important for spermatogonial differentiation in vivo. Here, we extend those studies to directly test the germ cell-autonomous requirement for mTORC1 in spermatogonial differentiation. We created germ cell conditional knockout mice for "regulatory associated protein of MTOR, complex 1" (Rptor), which encodes an essential component of mTORC1. While germ cell KO mice were viable and healthy, they had smaller testes than littermate controls, and no sperm were present in their cauda epididymides. We found that an initial cohort of Rptor KO spermatogonia proliferated, differentiated, and entered meiosis (which they were unable to complete). However, no self-renewing spermatogonia were formed, and thus the entire germline was lost by adulthood, resulting in Sertoli cell-only testes. These results reveal the cell autonomous requirement for RPTOR in the formation or maintenance of the foundational self-renewing spermatogonial stem cell pool in the mouse testis and underscore complex roles for mTORC1 and its constituent proteins in male germ cell development.
Introduction
Steady-state spermatogenesis in adult mammals depends on the capacity of spermatogonial stem cells (SSCs) to both maintain their population through self-renewing divisions and continuously produce transit-amplifying progenitor spermatogonia, which initiate differentiation in response to retinoic acid (RA). Throughout the male reproductive lifespan, ratios of the three subtypes of spermatogonia (stem, progenitor, and differentiating) are maintained in a consistent balance. Perturbations in this balance can lead to testicular cancer or infertility, the latter of which is often manifest in humans as nonobstructive azoospermia (NOA). Currently, NOA is diagnosed in approximately 8-12% of male infertility cases (reviewed in [1] ), although little is known about the underlying causes. What is clear is that gamete production is lost if SSCs either fail to self-renew (resulting in loss of the germline and Sertoli cell-only [SCO] syndrome) or to proliferate and differentiate (resulting in maturation arrest).
In mice, the foundational pool of SSCs forms in the neonatal testis at the initiation of spermatogenesis as quiescent precursor prospermatogonia transition to spermatogonia [2] [3] [4] . Functional evidence for this comes from homologous transplantation experiments demonstrating that spermatogonia from mice as young as postnatal day (P)3 can colonize older germ cell-depleted recipient testes to produce donor-derived sperm [5] . Undifferentiated progenitor and differentiating spermatogonial populations arise concurrently with the SSC population. The initial cohort of progenitor and differentiating spermatogonia give rise to the first round, or wave, of spermatogenesis by entering meiosis as preleptotene spermatocytes on P8, completing meiosis as haploid spermatids on P21, and becoming the first functional sperm by approximately P35-50 (reviewed in [6, 7] ). This first wave of spermatogenesis is not unique to mice; indeed, all mammals must initiate spermatogenesis from a precursor prospermatogonial pool, although there are significant differences in the temporal dynamics between species [7] .
One primary goal of our laboratory is to define the molecular pathways that direct spermatogonial differentiation in response to RA. We previously reported that gene products KIT, SOHLH1, and SOHLH2, each of which are required for differentiation, were upregulated in vivo by RA at the level of polyribosome occupancy, resulting in an increase in protein levels without a change in mRNA abundance [8] [9] [10] . This RA-stimulated translation required activation of the "mechanistic, or mammalian target of rapamycin" (MTOR), which is a serine/threonine protein kinase capable of integrating a variety of intracellular and extracellular stimuli to regulate a diverse set of cellular processes such as growth, proliferation, differentiation, autophagy, metabolism, protein synthesis, and cytoskeletal regulation [11] [12] [13] [14] [15] [16] . MTOR acts through two distinct protein complexes (mTORC1 and mTORC2); one major role of mTORC1 is stimulation of cap-dependent protein synthesis by phosphorylating substrates including "eukaryotic translation initiation factor 4E binding protein 1" (EIF4EBP1) and "ribosomal protein S6 kinase polypeptides 1 and 2" (RPS6KB1/2) [13, 16] .
Several recent studies from our laboratory and others have highlighted mTORC1 as a critical mediator of spermatogonial development. In two recent studies, germ cell conditional knockouts (KO) were created for Tsc1 and Tsc2 [17, 18] , which are known upstream negative regulators of mTORC1 and mTORC2 [19] [20] [21] [22] [23] . Deletion of Tsc1 and Tsc2 in spermatogenic cells resulted in MTOR hyperactivation, increased spermatogonial differentiation, and partial depletion of the germline [17, 18] . Our laboratory reported that global inhibition of mTORC1 by rapamycin blocked spermatogonial differentiation, preleptotene spermatocyte formation, and the RA-induced translation of KIT, SOHLH1, and SOHLH2 in neonatal mice [24] . Further, our laboratory recently generated male germ cell Mtor KO mice [25] , and found that testes of all ages contained only singly isolated undifferentiated spermatogonia, revealing a critical role for MTOR in spermatogonial differentiation and fertility. Additionally, we observed that a small population of undifferentiated spermatogonia survived even in aged Mtor KO mice. This reveals that MTOR is dispensable for the genesis and survival of SSCs, but is required for the proliferation of undifferentiated progenitor spermatogonia [25] . The similar spermatogenic phenotype of Mtor KO and rapamycin-treated mice implies that mTORC1, rather than mTORC2, is the major regulator of spermatogonial proliferation and differentiation.
Here, we further test the role of mTORC1 in mouse male germ cell development by examining mice with a germ cell deletion of "regulatory associated protein of MTOR, complex 1" (Rptor), which encodes an essential scaffolding component of mTORC1 [26, 27] . To our surprise, we found that the reproductive phenotype of Rptor KO mice was distinct from those of either rapamycin-treated or Mtor KO mice [25, 28] . A robust population of undifferentiated and differentiating spermatogonia formed during the first wave of spermatogenesis in neonatal testes of Rptor KO mice; these cells entered, but were unable to successfully complete meiosis, leading to infertility due to an absence of epididymal spermatozoa. However, the spermatogonia population was quickly exhausted in the juvenile testis, revealing that RPTOR is dispensable for spermatogonial proliferation and differentiation. This is the first example, to the best of our knowledge, of a protein that is absolutely required for formation or maintenance of the foundational SSC pool in the mouse testis, and clearly supports previous reports suggesting that the first wave of spermatogenesis is an SSC-independent event.
Materials and Methods

Generation and care of experimental animals
All animal procedures were carried out in adherence with the guidelines of the National Research Council Guide for the Care and Use of Laboratory Animals and using protocols approved by the Animal Care and Use Committee of East Carolina University (AUP #A194). Rptor male germ cell KO mice were created by crossing female mice homozygous for a floxed Rptor allele (#013188, The Jackson Laboratory) with young (<P60) male mice carrying one floxed allele as well as the Ddx4-Cre transgene (#006954, The Jackson Laboratory). The resulting WT and KO pups were on a mixed background (C57Bl/6/129S4/SvJae/FVB). Transgenic mice harboring floxed Rptor alleles and/or Cre recombinase were identified by PCR-based genotyping (Primers: Rptor Forward 5 -CTCAGTAGTGGTATGTGCTCAG, Rptor Reverse-5 -GGGTACAGTATGTCAGCACAG, Cre Forward 5 -CTAAACATGCTTCATCGTCGGTCC, and Cre Reverse 5 -GGATTAACATTCTCCCACCGTCAG). In all experiments, agematched littermates were used for comparison with PCR-verified germ cell KO animals. Littermates heterozygous for the floxed Rptor allele with or without the Ddx4-Cre allele and Cre-negative mice homozygous for the floxed Rptor allele were considered WT and analyzed together. The following numbers of mice were analyzed at each of these ages: P8 = 5 WT and 2 KO, P18 = 4 WT and 2 KO, P33 = 1 WT and 1 KO, P > 60 = 4 WT and 4 KO. Amplified products were resolved on 3% agarose gels.
Cell quantitation from frozen testis sections
Immunostaining was performed to mark the entire germ cell population (DDX4 = cytoplasmic pan germ cell marker in the neonatal testis [29, 30] ; TRA98 = nuclear pan germ cell marker at all developmental stages [30, 31] ). All Sertoli cells were labeled using anti-GATA4 [32] . Specific antibody information is provided in Table 1 . Testes from two Rptor germ cell KO mice at each age were used for quantitation. Quantitation of germ cells expressing various fate markers was carried out as previously described [9, 25] . Labeled cells were deemed positive or negative for a specific marker using the threshold tool in Image J (U.S. National Institutes of Health) with the program's default algorithm. Thresholds used and quantitated across two discrete microscope fields (at ×200) per animal. Images for quantitation were acquired with a Fluoview FV1000 laser scanning confocal microscope (Olympus America).
Cauda epididymal sperm counts
Cauda epididymides were dissected from adult animals immediately following euthanasia. Each epididymis was placed in 1 ml of room temperature 1X PBS, minced into small pieces, and repeatedly mixed by pipetting. Samples were diluted 1:10 with distilled water to immobilize sperm, and duplicate counts were obtained per epididymis using a hemocytometer.
Histological analysis and indirect immunofluorescence
Histologic analyses were carried out on sections of paraffinembedded Bouin-fixed testes. Nuclear and cytoplasmic structures were visualized following hematoxylin and eosin staining. Images were captured using an Axio Observer A1 microscope (Carl Zeiss Microscopy) equipped with an XL16C digital camera and Exponent version 1.3 software (Dage-MTI). To prepare frozen testis sections, testes were immersion-fixed in fresh 4% paraformaldehyde, washed in 1X PBS, incubated overnight in 30% sucrose at 4
• C, and frozen in O.C.T. Five micrometer sections were incubated in blocking reagent (1X PBS containing 3% BSA (Fisher Scientific) + 0.1% Triton X-100) for 30 min at room temperature. Primary antibodies were diluted with blocking reagent and incubated on tissue sections for 1 h at room temperature. The primary antibodies used are listed in Table 1 . Primary antibody was omitted from one section in each procedural replicate to serve as a negative control. Following three stringency washes in 1X PBS + 0.1% Triton X-100, sections were incubated in blocking reagent containing secondary antibody (Alexa Fluor-405, -488, -555, or -559 at a 1:1000 dilution, Invitrogen) and/or phalloidin-635 (1:500, Invitrogen) for 1 h at room temperature. Stringency washes were performed as described above. Coverslips were mounted using Vectastain containing DAPI (Vector Laboratories), except in cases when acid treatment was performed or the Alexa Fluor-405 secondary antibody was utilized. Images of stained tissues were obtained using a Fluoview FV1000 laser scanning confocal microscope (Olympus America).
Statistics
Statistical differences between experimental groups were evaluated using the Student t-test, and the level of significance was set at P < 0.05. Error bars indicate one standard deviation. Mendelian birth ratios were evaluated by Chi-square analysis.
Results
Germ cell development is disrupted in Rptor KO testes
Global deletion of Rptor caused embryonic lethality shortly after implantation [34] . To assess its role in spermatogenesis and formation of spermatogonia, we created male germline KO mice by crossing female mice homozygous for a floxed Rptor allele with male mice heterozygous for a floxed Rptor allele and the Ddx4-Cre transgene ( Figure 1A [35] ). Obtaining sufficient numbers of Rptor germ cell KO mice was challenging; from 16 breeding pairs the numbers of KO mice were consistently underrepresented within litters, resulting in a non-Mendelian birth ratio (Chi-square, P < 0.005). Only 13 male Rptor fl/fl ; Ddx4-Cre (hereafter designated KO) mice were born out of 285 pups. Breeding pairs that successfully generated germ cell KO pups only produced an average of 4.6 pups per litter. This reduced litter size, combined with an absence of observed stillborn pups, led us to suspect that Cre expression outside of the germline was causing the embryonic lethality characteristic of Rptor conventional (whole-body) KO mice [34] . We verified the loss of RPTOR protein in KO testes by coimmunostaining at P8 for phospho(p)-RPS6, a well-characterized downstream substrate of mTORC1 and indicator of its activity [13, 14, 16] . In contrast to WT, where it is detectable in both differentiating and undifferentiated spermatogonia (data not shown), p-RPS6 was undetectable in male germ cells from Rptor KO mice ( Figure 1B ). This absence of p-RPS6 detectability indicated that Ddx4-Cre mediated Rptor deletion occurred specifically in germ cells with high efficiency, as we and others have reported previously for other floxed genes [25, 35, 36] . Immunofluorescent staining for Cre recombinase also verified its expression was detectable exclusively in germ cells in P8 Rptor heterozygous (Rptor fl/+ ; Ddx4-Cre) and germ cell KO mice ( Figure 1C and D) . Together, absence of CRE protein in testicular somatic cells as well as consistent absence of p-RPS6 in Rptor KO germ cells indicated that Ddx4-Cre mediated Rptor deletion was occurring solely in male germ cells.
Rptor male germ cell KO mice appeared healthy and were indistinguishable from their WT littermates. At P8 and P18, there were no significant differences in testis sizes or weights (Figure 2A , B, and J). However, this changed as the mice aged; adult KO testes were dramatically smaller than those of WT littermates ( Figure 2C and J, P < 0.01). We next examined the histology of P8, P18, and P > 60 adult testes. As expected, P8 WT mouse testes contained abundant spermatogonia as well as germ cells with condensed nuclei characteristic of the first preleptotene spermatocytes ( Figure 2D ). P18 and adult WT animals also showed normal histology; spermatocytes were abundant as the most advanced germ cell type at P18, and all germ cell types were present in adult testes ( Figure 2E and F) . In contrast, P8 Rptor KO testes appeared to lack preleptotene spermatocytes ( Figure 2G) . Surprisingly, numerous spermatocytes were present by P18, although total germ cell numbers were noticeably decreased ( Figure 2H ). Adult KO testes had an apparent SCO phenotype, with no obvious remaining germ cells ( Figure 2I ). Together, these observations revealed that absence of RPTOR in the germline delayed the appearance of spermatocytes at P8, and this was followed by a complete loss of the germline by early adulthood. Adult Rptor KO animals were clearly infertile, as there were no detectable cauda epididymal sperm ( Figure 2J ).
Fewer undifferentiated spermatogonia reside in P8 Rptor KO testes
We next sought to investigate the ontogeny of the above-described defects during the first wave of spermatogenesis. Immunostaining for DDX4, a pan germ cell marker in the neonatal testis [29] , revealed a statistically significant twofold reduction in the number of germ cells per testis cord in P8 Rptor KO mice ( Figure 3A and B, P = 0.047). This reduction in germ cell number was observed without a significant increase in the number of apoptotic c-PARP1 + spermatogonia (Supplementary Figure S1A and B) . Immunostaining for MKI67, a marker of proliferating cells, revealed that loss of RPTOR did not change the proportion of germ cells actively participating in the cell cycle (Supplementary Figure S1C and D) . In addition, numbers of GATA4+ Sertoli cells per testis cord were not statistically different between Rptor KO and WT testes (Supplementary Figure S1E and F).
We next assessed the ratios of undifferentiated and differentiating spermatogonial subpopulations by immunostaining for markers of spermatogonial fate [37] [38] [39] [40] [41] [42] [43] [44] [45] [46] [47] [48] [49] [50] . There was a significant reduction in the numbers of GFRA1+ and CDH1+ undifferentiated spermatogonia in Rptor KO testes ( Figure 3C and D, Supplementary Figure S1G and H). Although the GFRA1+ germ cell population was reduced in Rptor KO testes, the proliferation marker MKI67 was detectable in an increased proportion of these cells (74% in KO vs 53% in WT, P = 0.0001). This reveals that the reduction in GFRA1+ cells was not due to increased quiescence among this specific spermatogonial population (Supplementary Figure S4A and B) . In addition, spermatogonia in developing Rptor KO testes had increased levels of cytoplasmic FOXO1 (Supplementary Figure S2A-E) , which correlates with the differentiating state [36, 51] . FOXO1 localization was shown to be regulated by AKT kinase activity downstream of mTORC1 phosphorylation [34, 52] . Consistent with this pathway model, we found that the percentage of germ cells staining positive for AKT phosphorylation at the mTORC2-specific residue (S473) was increased from 16 to 28% (P = 0.001) in Rptor KO germ cells (Supplementary Figure S3A and B) , suggesting an increase in mTORC2 and thus AKT activity in the absence of RPTOR.
In the developing testis at P8, there were similar numbers of KIT+ differentiating spermatogonia in WT and Rptor KO mice ( Figure 3E and F). We found that "stimulated by retinoic acid gene 8" (STRA8), a marker of the RA response in differentiating spermatogonia in the developing testis and preleptotene spermatocytes [9, 53, 54] , was also detectable in similar proportions of germ cells in P8 Rptor WT and KO testes ( Figure 3G and H) . These results together suggest that RA responsiveness was unaffected in Rptor KO spermatogonia. SYCP3, which is expressed in differentiating spermatogonia in the developing testis as well as in early meiotic cells, was detectable in a higher percentage of germ cells in P8 KO than WT testes (46.6% vs 35.1%, P = 0.0429; Figure 2I and J). Taken together, we conclude that the reduction in the germ cell population in P8 Rptor KO testes was due to a combination of reduced numbers of undifferentiated spermatogonia along with the aforementioned absence of preleptotene spermatocytes ( Figure 2G ). However, the presence of normal numbers of STRA8+, KIT+, and SYCP3+ spermatogonia implies that although preleptotene spermatocytes do not appear abundant in P8 KO testes, germ cells lacking RPTOR are differentiating and progressing toward meiosis in the developing testis.
First-wave Rptor KO germ cells initiate, but fail to complete meiosis
We next analyzed testes from WT and Rptor KO mice at P18, P33, and P > 60 to assess the progression of spermatogenesis defects due to the absence of RPTOR. Histological analyses suggested that P18 Rptor KO seminiferous epithelia appeared to contain few spermatogonia, but numerous spermatocytes adjacent to the nascent lumina of the seminiferous tubules ( Figure 2H ). We verified that these were indeed HIST1H1T+ (also termed H1T; [33] ) spermatocytes, although there were significantly fewer in Rptor KO vs WT testes (8% vs 31%, P = 0.0014; Figure 4A and B). At P33, Rptor KO testes contained sparse small clusters of spermatocytes, but no round or elongating spermatids were ever observed ( Figure 4C-G) . No GFRA1+ undifferentiated spermatogonia were detectable among the P33 KO germ cell population ( Figure 4H ). Clusters of c-PARP1+ apoptotic cells were detectable throughout P18 and P33 Rptor KO testes, although their numbers were not statistically different between P18 WT and KO ( Figure 4I-M) . Together, these results reveal that Rptor KO germ cells initiated but failed to complete meiosis during the first wave of spermatogenesis, and the loss of spermatogonia caused germline extinction by adulthood.
The entire spermatogonial population is lost during the first wave of spermatogenesis
We found that numbers of GFRA1+ undifferentiated spermatogonia in P18 Rptor KO testes were dramatically reduced in comparison to their WT littermates (P = 0.007, Figure 5A and B). The percentage of KIT+ differentiating spermatogonia was also significantly reduced in Rptor KO testes (14% in WT vs. 0.5% in the KO population, Figure 5C and D, P = 0.0006). Taken together, these results revealed few spermatogonia remained in P18 Rptor KO as compared to WT testes. Additionally, the proportion of germ cells containing detectable MKI67 was reduced in KO testes, supporting the observation of decreased numbers of proliferating spermatogonia ( Figure 5E and F). By P > 60, Rptor KO testes exhibited an apparent SCO phenotype, with numerous vacuoles present between Sertoli cell cytoplasmic projections ( Figure 2I ). We verified this SCO phenotype by immunostaining for the pan germ cell marker TRA98 and GFRA1, a marker of undifferentiated spermatogonia and SSCs ( Figure 5G-I ).
Discussion
Here, we generated male germline-specific Rptor KO mice and reported a germ cell autonomous requirement for RPTOR in male fertility. The loss of RPTOR caused distinct defects: (1) failure to complete meiosis and form haploid round spermatids and (2) failure to maintain a functional SSC pool during the first wave of spermatogenesis. Because of the meiotic defect, Rptor KO males failed to produce any gametes during the first wave of spermatogenesis, and because of the SSC defect the entire germline was lost by early adulthood.
The reproductive defects in Rptor KO mice were initially observed during the first wave of spermatogenesis. Although spermatogonia proliferated, differentiated, and entered meiosis as primary spermatocytes, they were unable to complete meiosis and form haploid spermatids. These observations support those of another group, whose manuscript was published while we were completing this study. They utilized Neurog3-Cre (expressed in a subset of undifferentiated spermatogonia by P7 [55, 56] ) to conditionally delete Rptor in the germline. They reported that Rptor fl/− ; Neurog3-Cre mice were infertile due to failure to progress through pachynema [57] . Therefore, we shifted our focus to assess the role of RPTOR in spermatogonial development. We utilized Ddx4-Cre, which efficiently targets floxed alleles in prospermatogonia of the fetal testis as early as E15 [35] . This early deletion provides adequate time for the targeted deletion to occur and for mRNAs and their encoded proteins to disappear before the formation of postnatal spermatogonia, thus allowing for a clear assessment of the resulting reproductive phenotype. The observation that Rptor KO spermatogonia differentiated and entered meiosis was surprising, given previous reports characterizing mTORC1 as a key mediator of spermatogonial proliferation and differentiation [8, 15, 16, 22] . We previously reported that RA-induced translation of the differentiation-required proteins KIT, SOHLH1, and SOHLH2 required activation of the PI3K/AKT/mTORC1 pathway [6] [7] [8] . mTORC1 is known to stimulate the cap-dependent protein synthesis of 5 -TOP mRNAs through phosphorylation of its downstream targets EIF4EBP1 and RPS6KB1/2 [11, 12] . However, a recent study demonstrated that the insulin-stimulated synthesis of 5 TOP mRNAs required the MTOR kinase but was only moderately affected by Rptor or Rictor KO in cultured mouse embryonic fibroblasts [55] . This suggests that enhanced translation of suppressed mRNAs in spermatogonia does not require RPTOR; perhaps functional redundancy exists that allows sufficient KIT protein to be produced via RPTOR-independent mTORC1, or another uncharacterized parallel pathway.
We discovered that the foundational SSC pool was not maintained in testes of developing Rptor germ cell KO mice. This result was unexpected, as our previously published studies revealed that the undifferentiated spermatogonial population containing SSCs was maintained following global inhibition of mTORC1 with rapamycin or germline deletion of Mtor [8, 22] . Additionally, other groups reported that increased mTORC1 activity in germ cells drove excessive spermatogonial differentiation at the expense of the undifferentiated spermatogonial population, but did not exhaust the SSC population [15, 16] . We envision two potential explanations for this observation. In the first scenario, the loss of RPTOR would be predicted to create a detrimental imbalance between mTORC1 and mTORC2 in SSCs. Since multiple proteins are shared between mTORC1 and mTORC2, more mTORC2 complexes may assemble in the absence of RPTOR, resulting in increased mTORC2 activity. Additionally, some mTORC1 phosphorylation targets (GRB10 and S6K1) operate in negative feedback loops to inhibit PI3K/AKT pathway activation by insulin signaling, and thus inhibit mTORC2 activation [58] [59] [60] [61] . One of the best-characterized roles for mTORC2 is phosphorylation, and subsequent full activation, of AKT [52] . AKT has been demonstrated to be a critical mediator of spermatogonial development downstream of both self-renewal signals such as GDNF (first shown in [69] and later confirmed in [70] ) and the differentiation signal provided by RA [8, 28] . AKT phosphorylation by mTORC2 at S473 is necessary for its ability to phosphorylate the transcription factors FOXO1/3, resulting in their exclusion from the nucleus and preventing their transcriptional gene regulation [34, 62, 63] . Consistent with mTORC2 overactivation, we found that AKT phosphorylated at S473 was detectable in an increased percentage of Rptor KO germ cells, and FOXO1 was predominantly cytoplasmic in KO testes. Analyses of germ cell-specific KO lines demonstrated that FOXO1 mediates multiple aspects of germ cell development, including spermatogonial differentiation as well as SSC establishment and self-renewal [36] . The same study also reported that germ cell deletion of PTEN, an upstream negative regulator of the PI3K/AKT pathway, resulted in AKT hyperactivity and FOXO1 cytoplasmic localization in germ cells [36] . The phenotype of the PTEN KO mice resembled Rptor KO in that meiosis was incomplete, spermatogonia were lost during the first wave of spermatogenesis, and the germ line was severely depleted by P28, indicating loss of SSC function. Based on our results, it appears that absence of RPTOR skews the balance of mTOR signaling toward mTORC2 hyperactivity. The resultant dysregulation of AKT signaling may underlie the loss of SSC function observed in germ cell Rptor KO testes. In the second scenario, RPTOR may have an mTORC1-independent role critical for the function of the SSC pool. There is precedence for this from a recent study using mouse hepatocytes. In that study, abundant mTORC1-free RPTOR was discovered, and the ratio of free to mTORC1-bound RPTOR decreased with age and obesity. In addition, increasing the amount of free RPTOR reduced liver triglycerides and body weights in aged or obese mice [56] . These observations demonstrate that mTORC1-free RPTOR regulated cell behavior in both normal and pathologic conditions, indicating that RPTOR may not function exclusively as a scaffolding protein for mTORC1.
The results presented here support the concept that the first wave of mammalian spermatogenesis does not rely on SSCs, but rather that the initial populations of progenitor and differentiating spermatogonia arise directly from precursor prospermatogonia and subsequent waves are dependent on SSCs. There are three types of existing evidence in the literature using mice as a model organism. First, the characteristic morphological features of undifferentiated and differentiating spermatogonia such as nuclear size and the appearance of chromatin and nucleoli have been used to determine that spermatogonia resembling both subtypes appeared, nearly simultaneously as early as P3-4 [3, [64] [65] [66] . Second, an indirect lineage-tracing approach was employed using a tamoxifen-inducible "neurogenin 3" (Neurog3, also termed Ngn3) gene promoter sequence to direct Cre activation of a ß-galactosidase reporter gene [67] . Since Neurog3 mRNAs were present in undifferentiated spermatogonia (but not precursor prospermatogonia or later differentiating spermatogonia), the resultant ß-gal-gametes observed in young adult mice supported the concept that Neurog3-prospermatogonia became Neurog3-differentiating spermatogonia without transitioning through a Neurog3+ undifferentiated (e.g. SSC or progenitor) state [67] . Third, several germ cell KO mouse models displayed relatively normal first waves of spermatogenesis, followed by progressive loss of the germline during the aging process that was partial (Rb1/Rb [68, 69] , Zbtb16/Plzf [70, 71] , Taf4b [72] ) or complete (Etv5/Erm [73, 74] ). These KO models reveal distinct roles and differential requirements for these proteins in SSC function. Specifically, ETV5 is required for SSC survival, while proteins such as RB1, ZBTB16, and TAF4B are involved in, but not absolutely required for, SSC maintenance and/or self-renewal.
In conclusion, our data demonstrate the germ cell autonomous requirement for RPTOR, during the first wave of spermatogenesis, for completion of meiosis as well as for the formation of a functional, self-renewing population of SSCs. Our results here provide additional evidence supporting the concept that the first wave of spermatogenesis is SSC-independent.
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